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ABSTRACT 


The objective of this thesis is the experimental determination of 
the wake fraction (w) and the thrust deduction factor (t) for a deep 
submergence hull form. The development of a model with a length to 
diameter ratio of 1.9/ was based on potential flow theory using super- 
position of sources and sinks on a uniform fluid stream. This hull 
form was tested in a propeller tunnel with both an open and a shrouded 
propeller. The shroud design was based on fundamental circulation theory 
utilizing concepts developed by Dr. J. D. van Manen. 


Wake fraction is obtained by conducting a velocity survey in the 
plane of the propeller behind the model. The thrust deduction factor 
is determined from the results of three distinct tests which provided 
the thrust and drag acting on the model. The hull efficiency (e) is 
computed from the ratio (1-t)/(1-w). 


Test results for the model with an open propeller are: w = .302, 
t = +21, en = 1505. These results compare favorably with those pub- 
lished for model tests on submarínes and bodies of revolution. The 
test results for the model in the shrouded condition are: w = -0.191, 
re 70.1985 En > 0.669. 


Since the hull efficiency alone does not offer a totally conclusive 
comparison of the shrouded and unshrouded conditions, the respective 
ropulsion coefficients (P.C.) are evaluated for this purpose. For the 
two specific systems analyzed, the propulsive coefficient was found to 
be lower in the shrouded condition. This is attributed to light propeller 
loading, large clearance between blade tips and nozzle wall, and the 
restricted fluid flow around the model within the test chamber. 


Thesis Supervisor: S. Curtis Powell 


Titles Associate Professor of Marine Engineering 
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CHAPTER 1 


INTRODUCTION 


The last three years have seen a greatly expanded interest 
and activity in the field of manned deep submersibles, a part of which 
stemmed directly from the tragic loss of the submarine THRESHER. More 
recently, the operational success of the deep-submergence research 
vehicle ALVIN has heightened the emphasis on the exploration of the 
ocean depth. 

Although submarine technology has developed markedly during 
the post-World War II era, the limitations and problems encountered at 
extremely deep depths require a comparatively more sophisticated 
technology. The extreme pressures and currents experienced at these 
depths necessitate improved naval architectural and engineering applica- 
tions, especially with regard to the hull forms. 

Unlike the conventional submarine, the length to diameter ratio 
of a deep-submergence hull form is in the vicinity of 2.5, an area where 
only limited experimental work has been undertaken. Consequently, the 
hull efficiency parameters applied in the design of a deep-diving vehicle 
are generally the same as those employed for submarines which are designed 
to operate at considerably more shallow depths. As a result, the wake 
fraction and thrust deduction factors used in deep-submersible design 


reflect estimates based on conventional submarines experience. 





In light of these facts, it was concluded that an experimental 
analysis of a deep-submergence body and propeller combination would 
yield necessary data for determining the actual hull efficiency para- 
meters over a limited speed range. With this motivation, an appropriate 
hull form was developed and a series of tests were devised. 

The experimental tests and analysis were performed on the 
model with two distinct screw* configurations - an open propeller and 
a shrouded propeller. 

The wake fraction, thrust deduction factor, and related 
conclusions resulting from this project may prove useful in the 


expanding technology associated with the field of deep-submergence. 


* The words screw and propeller are used interchangeably throughout this 
thesis. 


** The words shroud and nozzle are used interchangeably throughout this 
thesis. They infer a Kort nozzle which is fixed to the hull, as 
opposed to the'concept of a cylinder attached to and rotating with the 
propeller. 





CHAPTER II 


TEST PROCEDURE 


General 

The hydrodynamic study which led to the determination of the 
hull efficiency parameters may be divided into two principal categories: 

1. the development of the model, including the hull 

form, propellers, and shroud. 

2. the experimental investigation of the hydrody- 

namic flow about the model in the propeller test 
tunnel. 

Presented in this section are the assumptions, theories, and 
procedures used in the design of the complete model and its installation 
for testing in the M.I.T. Propeller Tunnel. The series of tests conducted 
on the model with both open and shrouded propeller are also described 
in detail. 

Model Development 
A. Body 

The development of an appropriate model for testing purposes 
was governed by three independent requirements. These factors were the 
similarity of hull form to an actual deep-submersible, compatibility of 
the model with the testing facility, and the feasibility of applying 
proven mathematical techniques in the development. 

In order to fulfill the initial requirement that the model 


shape be similar to an existing or proposed deep submergence vehicle 





the deep diving submarine, ALVIN, belonging to the Woods Hole Oceanographic 
Institution was selected as a prototype. ALVIN was designed with a 

length to diameter ratio of 2.6 and astern propeller diameter to body 
diameter ratio of 0.53. Based on this parent hull form, the following 
criteria were established: 


Es 
O | > ae <30 


and 


Prop. Diameter 
Oo F. ' < 0.80 
— |Body Diameter Model ` 


Next the physical dimensions of the propeller tunnel test 
facility at M.I.T. were closely studied. The inlet and exit nozzles to 
the test chamber are 20 inches in diameter and emerge into an open test 
chamber of 60 inch diameter. The open jet flow in this section traverses 
26 inches. Review of tunnel records indicated that best test results 
were obtained for propellers of about 12 inch diameter and that unsatis- 
factory results were common for propellers of less than six-inch 
diameter. Consequently, the tunnel dimensions led to establishment of 
the following limitations: 

1. Model length not to exceed 24 inches. Insertion 

of a propeller behind the body would extend overall 
length by 3 to 5 inches: 

2. Model diameter limited to a maximum of 13 inches. 

3. 6 < Propeller diameter (inches) < 14. 

In order to satisfy all the criteria and limitations established 
to this point, numerous combinations of model dimensions were graphically 


outlined. Consideration of the aforementioned requirements coupled with 





ease of fabrication and installation led to the selection of the 
following target characteristics: 
Body Length - 24 inches 
Body Diameter - 12 inches 
Propeller Diameter - 8 inches 
Since it was envisaged that ideal velocity flow patterns would 
prove useful in this thesis, it was decided to develop the proposed body 
of revolution by stringing sources and sinks of suitable strength along 
the body axis and superposing a uniform flow parallel to that axis. 
Although a three dimensional flow is generally complicated to 
analyze, the axisymmetric form of the body reduces the problem to a 
specialized case, which has been previously solved in the field of applied 
hydrodynamics by Milne-Thomson (17). 
Combining a uniform stream along the horizontal axis with a 
point source of strength m and a combination point and line sink of 


total strength m, yields the following stream function: 


o = ZU Em (AB) + - ((x-s-e)ċ + W 


(1-A)m SL 


ees Ee | 


= Stream Function 


(aly) 
where: 


= Uniform Free Stream Velocity 


Uniform Flow Stream Function Parallel 
to the X-axis in the positive direction 


cl 
= e 
N 
H 





= point source of strength at the origin 


2 2 
X +W 
A = dimensionless La denoting a percentage 
cf total sink strength 
B = distance from point source (origin) to point sink 
C = length of tke Line sink 


I = unint sink of strength (1-A)m located at 


u ‘oordinates (B,0) 
cir 





EE \ | = 5 
V (xe)? + W“ - \rx-B-c)° + Wo = line sink of strength Am and 
length C located between 
coordinates (B,0) and (B+C,0). 
This development is illustrated below where P represents a 


locus of points on the periphery of the body. 
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The model shape is formed only for the zero streamline. Upon 


dividing equation (1) through by m and setting y = 0, it becomes: 


X A 2 2 2 
—*t— -¿ À (X-B) ern V (x-3-c) 7 


x + ye 


E n (Ü) wW=0 
2 a 2 "D 
| X-B) + 
Setting the four equation constants =, A, B, and C equal to 


2.22, 0.5, 2.00 and 1.75 respectively reduces equation (2) to: 


U (0.286 V (x-2.0)° ap - V (X-3.75)° i f 
E 


x“ + 


O.5 (X-2.0) 2 


> EL. P: 
UE + we 
(3) 


A graphical representation of this equation yields a body 
shape (Figure II) that meets the prescribed hull parameters resulting in 
a final length to diameter ratio of 1.97. This equation was solved by 
the body development computer program described Appendix B. 
B. Unshrouded Propeller 

The selection of the propeller used in the unshrouded tests was 
based on naval engineering assumptions, availability of a suitable 
standard stock propeller, and the requirement that the propeller be of 


eight-inch diameter. 





SE: 








L*3:T - 2T89S 


ui" S 


aa 


OTTJOIT WIOKT TTNH TIPON 








II AMIA 





Assumed parameters which led to the selection of the test 


propeller were as given below: 


Cy (body) = 0.25 
des = 0.90 
l-w = 0.80 


An approach common to the field of propeller design was 
then followed. Using non-dimensional quantities, the standard propeller 
curves are entered and an operating curve developed to indicate optimum 
efficiency. The general method is related in the following paragraphs. 


Model drag is a function of SE and is expressed as: 


1 2 
S a (h) 


The Taylor wake fraction, w, is defined by the equation: 


G (5) 


The thrust deduction factor, t, is defined by the equation: 


R 


1- t= Š (6) 
Combining these three equations and solving for thrust: 
= e Et 
2 (1 - +)(1 - v) (7) 
Since by definition: 
"e" a (8) 
pn D 
and 
Vo 
=D (9) 








Appropriate algebraic substitution leads to the non- 


dimensional expression: 


c+ 


En i Cp 5 
J. 2 = tt) (2. = we) 





2 _2 
2 (10) 


Substituting the cross-sectional area of the model body, S = .817 sq. ft., 
previously determined together with the assumed parameter values yields 


the following result: 


K 
Ü 
J2 


The curve of this parabolic equation was superposed on a type 
B.3.35 propeller curve in reference (19). At each intersection of the 


SA curve with the family of K, and Ba versus J curves the propeller 


U 
efficiencies were noted for each pitch ratio. The highest propeller 


efficiencies were observed in the range: 


0.8 < 


Old 


< 1.1 


On this basis, a standard stock propeller with the following 


characteristics was selected for the unshrouded tests: 


Number of blades 3 
Diameter 8 inches 
Uniform */D TAG, 
Mean Width Ratio 0:31 


Hub Diameter 1.375 inches 


«aos 





C. Shrouded Propeller 

Design of the propeller used in the shrouded condition was 
based primarily upon conclusions and recommendations presented in 
several papers by J. D. van Manen. In order to retain as much similar- 
ity as practicable to the open propeller, yet satisfy the basic require- 
ments for a suitable nozzle propeller, only minimum modifications were 
made to the open propeller characteristics. The fact that the system 
of nozzle and screw must form an integral unit as indicated by van Manen 
(13), wasa governing factor in insuring that the final propeller design 
be adaptable to a shrouded configuration. 

Since an eight-inch diameter propeller operated with 
satisfactory results in an open-water unshrouded test, the same diameter 
was retained. In addition, from van Manen and Superina (14) it was 
concluded that neither the radial pitch distribution of the screw nor 
the section shape of the propeller blades have a large effect on the 
efficiency of the shrouded propeller. It was also noted that a 
propeller with uniform pitch ratio and flat face sections did not show 
appreciable drawbacks with respect to efficiency or cavitation. 
Consequently, a uniform pitch ratio was incorporated in the propeller 
design. 

In addition to the eight-inch diameter and uniform pitch ratio, 
a Wide blade tipped propeller, commonly called a Kaplan type, was decided 
upon. Theoretically, this design prevents cavitation, and practically, 


it is more readily adaptable to the contour of a cylindrical nozzle wall 


RE 





than the round tip propeller. This feature is significant since it 
permits attainment of smaller clearances between the full blade tip 
and the nozzle inner wall; thereby improving the overall system 
efficiency by reducing tip losses. 

The general characteristics of the shrouded screv are 
presented below: 

Type of blade sections: Wide tip; flat face; circular arc back 

Number of blades: 3 

Diameter: 8 inches 

Uniform */p : 1.0 

Mean Width Ratio: 0.31 

Hub Diameter: 1.375 inches 
D. Shroud 

Since the shrouded propeller design was completed and it had 
been established that the nozzle and propeller must form an integral 
unit, it was necessary that the nozzle design be thoroughly compatible 
with the selected propeller. Reference was made to numerous sources in 
order to find methods of incorporating the qualities of system compati- 
bility, hydrodynamic soundness and structural durability in the final 
nozzle design. 

Summarized from reference (14) are the following practical 
design characteristics which a nozzle should possess; 

(a) An axial cylindrical part at the inner side at 


the location of the screw. 


el 





(b) A slightly diverging section behind the screw for 
improving astern efficiency and facilitating re- 
moval of the screw. 

(c) An angle ( a;) of approximately 10 degrees between 

the outer nozzle wall at the tail and the shaft 
centerline axis. 

(d) A minimum thickness - length ratio of about 0.15. 

(e) A variation of diffuser - angle from 3.5 to 6.5 

degrees and a variation in camber ratio from 
0.05 to 0.09 in order to prevent serious loss 
in efficiency. 

In addition, since it was expected that the shrouded propeller 
on a deep submergence vehicle would undergo at least moderately heavy 
loading, the choice of a relatively large length-diameter ratio was 
indicated in each of the references consulted. However, based upon an 
experimental investigation of propellers in nozzles as reported by 
Solovev (22) it was concluded that the length-diameter ratio should be 
no greater than 0.7. Based upon van Manen's satisfactory test results 
on nozzles with a length-diameter ratio of 0.5, a nozzle with 4/p equal 
to 0.7 could be expected to have a reasonable efficiency under heavy 
load conditions and properties under the free running condition which 
were not appreciably inferior to those of a shorter profile. Moreover, 
this ratio contributed fewer mechanical difficulties in fitting the 


shroud to the model as will be discussed in a later section of this thesis. 


we 





Reference (22) also indicated that the distance from the 
leading edge of the nozzle to the propeller plane should not exceed 
0.35D. This latter criterion was confirmed in reference (12), where 
this distance was given as 5 £ cos a; Substituting the accepted 


values for length-diameter ratio of 0.7 and angle a, of To results 


in the following: 


IL 
5 £ cos a, = 0.35D 


Furthermore, the propeller should be located at the narrowest 
section of the nozzle with a minimm clearance between the tip of the 
propeller blade and the inside of the nozzle in order to realize minimum 
tip vortex losses. Although the optimum recommended clearance is about 
0.01 of the diameter, in practice, the magnitude of this clearance 
generally ranges from 5 to 10 millimeters. 

Additional parameters which are considered significant in the 
design of a nozzle are the outlet coefficient, Fo and the inlet 
Coefficient, *i/Pp. F, and F are the inlet and outlet nozzle area 
respectively, and Fp is the nozzle area at minimum nozzle diameter. 
According to the experimental data given in reference (22), the value of 
the outlet coefficient should be chosen within the limits of 1.0 to 1.10, 
anā the inlet coefficient within the range of 1.30 to 1.65. 

In order to incorporate into the shroud-propeller system the 
aforementioned design criteria, procedures advocated in several publi- 
cations were analyzed and considered. The method which led to most 


nearly fulfilling all the design requirements discussed was the practical. 


SS 





"optimimum" solution of the "screw plus nozzle" combination proposed by 
van Manen in reference (10). 

The reference propeller employed in this method has both uniform 
pitch and flat face sections similar to the shroud propeller designed 
and described in the previous section. Hence, the compatibility of the 
actual nozzle and screw system was considered adequate in this regard. 

The general arrangement of the "optimum" nozzle exhibits two 
design features which are uncommon to standard nozzle profiles. The 
outside of the nozzle wall is straight and the trailing edge is thicker. 
In reference (13) it was noted that no considerable differences in 
performance were noted if the outer profile of a nozzle were made 
straight. Moreover, the operating curves of a nozzle with increased 
trailing edge thickness showed no appreciable drop in efficiency compared 
to a standard thin trailing edge. 

Figure IIi given below identifies the nomenclature used in the 
shroud development. In Table I are presented the non-dimensional ordin- 


ates for the "optimum" nozzle design as developed by van Manen (10). 


FIGURE 111 


Definition of Nozzle Dimensions 
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TABLE 1 


Non-Dimensional Ordinates for "Optimum" Nozzle 


EA pi ES mus | 20.80 = [en Straight Line 


ut L ==] | | | fe 


Selecting a length-diameter ratio of 0.7, the length of nozzle 





profile is fixed at 5.6 inches to enclose the 8 inch diameter propeller. 
The clearance between the blade tip and the inner wall of the nozzle was 
set at 3/16 inch. Although this distance is excessive relative to the desired 
clearance, the alignment of the screw within the nozzle and the tunnel 
torque shaft vibration indicated this clearance to be the smallest 
practically acceptable. 
With these three parameters fixed, offsets for the shroud 
profile were calculated based on the "optimum" nozzle method and are 
presented in Table II. The actual nozzle profile is shown to scale in 


Figure IV. 
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Details of the final nozzle design are presented below: 


E = 6.6 in. 4/D = 0.700 

DRE Oe ni F/4 = 0.057 

foe So ine s/£ = 0.162 

s = 0.906 in. Fo/Fp = 1.030 

a GS an. T = 1.265 
= or 


The shroud was attached to the body by three brass mounting fins 
spaced at 120° intervals around the body and shroud outer profiles. 
These fins were machined to a reasonable faired hydrofoil shape comparable 
to actual support bars extensively used for hull-shroud interconnections. 
An illustration of the mounting fin shape and method of attachment to the 


hull form is shown in Figure V. 


TABLE II 
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FIGURE IV 


Actual Nozzle Profile 
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FIGURE V 


Shroud Support Assembly 
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Open-Water Propeller Test 


The two propellers used in the unshrouded and shrouded tests 
respectively were initially subjected to open-water propeller tests. 
These tests adhered to the standard propeller tunnel test procedures 
employed at the Massachusetts Institute of Technology. 

The testing chamber was vacant except for the propeller shaft. 
A torque sleeve was passed over the shaft and coupled to it securelv with 
a brass kev. Next, the propeller was mounted on a tapered shaft exten- 
sion which screwed into the propeller shaft. This arrangement insured 
a snug fit of the propeller against the torque sleeve to which it was 
also pinned. Just forward of the propeller a hub fairing was mounted 
on a short protrusion of the propeller shaft extension and held in place 
with an Allen screw. This assembly is shown in Figure VI. 

With the propeller installed, the tunnel was flooded and the 
propeller was rotated at an average speed of 1200 RPM. The water velo- 
city controlled by an impeller pump was varied from O to 15 feet per 
second in incremental steps. At each velocity the thrust, torque, water 
pressure, and propeller RPM were recorded. In addition, zero readings 
of thrust and torque plus water temperature and atmospheric pressure 
were recorded. This information was transferred to data cards which 
were included in a computer program devised to determine the faired 


offsets of Ky» Ne and Ee as a function of Je 





* Refer to Appendix C 
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Velocity Survey 


As indicated by equation (5), the Taylor wake fraction is a 
function of ve the average velocity of the water in the plane of the 
propeller disc normal to the direction of flow and Vas the effective 
free stream velocity of the test model. The purpose of the velocity 
survey is to experimentally determine these two parameters. 

During this test, the body was mounted in a manner identical 
to that described in the previous section. The water flow past the 
stationary hull form was varied from O to 12 feet per second. 

As tke flow was altered, the propeller tunnel velocity, VS 
was measured forward of the body by reading a bromo-benzene gage which 
recorded the pressure differential at two pressure taps within the 
tunnel inlet nozzle. At each recorded V.., a velocity survey was conducted 
astern of the body in the vertical plane of the propeller. This was 
accomplished by measuring the water velocity in incremental steps mov- 
ing radially outward from the body center line axis. A cara i 
tube” was used for this purpose. A sketch of the general model arrange- 
ment is show in Figure VII. 

For the test employing the open propeller, this survey was 
conducted out to a radius of ten inches, being terminated at the peri- 
phery of the tunnel exit nozzle. With the shroud attached to the body, 
an identical test procedure was followed. However, in this case, the 
survey was limited between the body center line axis and the shroud 


inner wall, a distance of approximately four inches. 





WII CI 


*Refer to Appendix D 
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The data, which included the velocities U and U and the 
corresponding radial distances at which thev were measured, was used in 


the wake fraction analvsis for both the unshrouded and shrouded propeller 


conditions. 
FIGURE VII 
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Model Drag Test 

Normally a model drag test is conducted in a towing tank in 
which a model is towed at a specified speed. In this case, the model 
drag is measured by a dynamometer attached to a towing assembly. 
However, in the propeller tunnel this is not possible. The body must 
be kept stationery and che water must be made to flow past the body. 
It is evident that the results will be equivalent. 

In order to conduct this test, it was necessary to mount the 
body in the test chamber in a manner such that it remained parallel to 
the flow, yet maintained freedom sufficient for small axial movement 
thereby permitting accurate drag measurements. This arrangement was 
effected by using six cables extending normal to the center line axis 
of the body. These cables were run through three 3/4 inch square iron 
bars, which were mounted between the tunnel nozzles and attached to their 
outer peripheries. Each bar was fitted with two adjusting screws 


through which a cable from the body was passed and then secured by 


cable clamos that rested on these screws. The other end of each cable 


ge: 
c 


wes attached to a 1/ inch iron closed marine type eye bolt by a stan- 
dard niecc-press splicing process. The eye bolts were inserted into 
countersunk holes and screwed into the body. 

Three of the cables were located 120 degrees apart in a plane 
normal to the center line and seven inches aft of the most forward point 
of the model. In a similar manner, the remaining three cables were 


mounted ten inches aft of the forward group. 


Ole 





Figure VIII shows the general body mounting arrangement. 
Section A - A' of this figure is reproduced in larger scale in Figure IX. 

Into the stern of the body and concentric with its center line 
axis was inserted a two inch long, 3/4 inch O.D. brass tube. This tube 
serves two purposes. First, it acts as a guide for the propeller shaft 
extension which supports the body in the fore and aft direction. Secondly, 
a 5/8 inch thrust bearing is supported in the forward most part of this 
guide tube. 

The thrust bearing serves to transmit the drag developed on the 
model body to the propeller shaft extension without a transmission of 
torque. This requirement is mandatory since the propeller shaft must 
be rotating for accurate thrust measurements. 

The fiuid flow velocity past the body was regulated by a 
rheostat control on the propeller tunnel impeller pump. At each 
selected flow rate, the drag force developed on the body was measured. 

It was then possible to determine the functional relationship between 
drag and velocity through analysis. 


Propeller Test with Body Disturbing Flow 





In order to examine the performance of the propeller operating 
behind the model, the support arrangement described in the drag test 
section was slightly modified. Two cables were nico-pressed to a single 
1/4 inch closed eye bolt. This bolt was aligned with the body center 
line axis and inserted into the forward end of the body. The cables 
were led forwerá and passed through two pre-drilled holes (180° apart) 


in the periphery of the tunnel inlet nozzle. 
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GENERAL BODY MOUNTING ARRANGEMENT 
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FIGURE VIII 
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FIGURE IX 


SECTION A - A’ OF GENERAL BODY MOUNTING ARRANGEMENT 
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Each cable end was then attached to one extremity of a medium 
size turnbuckle, the other end of which was permanently secured to a 
flange protruding from the outer periphery of the tunnel inlet nozzle. 
The two turnbuckles were adjusted to exert sufficient tension on the 
wires to pull the body forward about one inch and thereby prevent it 
from seating on the propeller shaft extension. 

Since the model was not in contact with the propeller shaft, 
it served only to alter the fluid flow passing through the propeller. 
Hence, the test procedure and data reduction were essentially identical 
to that described in the section on the open-water propeller test. With 
the model in this position, the thrust coefficient differs from that of 
the open-water test due to the body disturbing the flow, while the 
torque coefficient remains virtually unchanged due to non-contact 
between body ard propeller shaft extension. 

The reduced data from this test is used for the thrust 
deduction analysis of both the open and shrouded propeller configurations. 
Operating Point Test 

The purpose of this test was to determine the shaft revolution 
rate at the optimm operating condition for each fluid velocity. The 
body mounting arrangement was similar to that described in the drag test 
procedure. The only modification was the attachment of the propeller to 
the propeller shaft extension, which was inserted into the body stern and 


rested freely in the model thrust bearing. 
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Initially, the tunnel was operated at zero impeller velocity. 
The shaft revolution rate was varied from about 300 to 40 REM. The volt- 
meter readings and pan weights, which indicated the thrust exerted, were 
recorded at each RPM. This data was used to determine the value of 
thrust at zero RPM; that is, the inherent thrust produced as a result 
of the tunnel propeller shaft configuration. 

Next, the fluid flow rate was varied from 2 to 12 feet per 
second. At each selected fluid velocity, the shaft revolution rate was 
controlled over a range of RPM values. At each specified RIM, the 
corresponding thrust values were recorded. These thrust values combined 
with the zero thrust reading over the associated RPM range were then ana- 
lyzed to determine the propeller operating point at each speed. This 


investigation is explained in the Thrust Deduction Section of Chapter III. 
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CHAPTER TII 


TESI ANALYSIS 


Wake Fraction 

The calculation of the Taylor wake fraction for both the 
unshrouded and shrouded model configuration is based on data obtained 
during the respective velocity survey tests. 

As indicated in Chapter II, the fact that the body Was posi- 
ticned within the limited confines of the test chamber required that the 
incoming free stream velocity be adjusted to compensate for this res- 
triction. The development of this concept” indicates that the effective 
free stream velocity, LE is related to the propeller tunnel velocity 


E by the expression: 
Ma Mk Ve: (daw) 


For each effective free stream velocitv there exists a familv 
of velocities in tne plane of the propeller which vary as a function of 
the distance from the center line axis of the body. The tabulation and 
illustration of this average velocity, NES plotted versus the respective 
distance from the axis are presented in Figures XIV-XXIII of Chapter IV. 
Since the propeller radius is four inches, an analysis of the velocity 
distribution within an eight-inch diameter disc, concentric with the 


body center line axis, results in an average Vo: 





* Refer to Appendix E 
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The averaging process leading to this result is illustrated 
in Figure X, which shows the propeller disc divided into a series of 
concentric discs and a general plot of the velocity in the propeller 


plane versus the radial distance. 


FIGURE X 


VELOCITY PROFILE IN THE PROPELLER PLANE 





“Se 








For each concentric disc, the mean velocity, v (a,b,C,d).....03), 
is read graphically and weighed proportionately with its respective disc 
area. This process may be represented by the relation: 


S 2 


(p X, may. = X. © a 4 (2 u - X ft b + (12) 


2 | 
O 1 il | 


2 
É x, ) - (2 dy, C + asas Ë x, )º - ((p-1) x] T j 
Reducing this equation to: 


pe V. = a+ 3b + 5c + 7d + ..o.o + (2 p-1)j (13) 


the average velocity in the propeller disc becomes: 


a+ 3b + 5c + ..ooo+ (2 p-1)] 
one pe (24) 


V 


Consequently, with the velocity in the propeller plane known 
at the corresponding effective free stream velocity, the Taylor wake 


fraction, w, is determined amd represented by the common expression: 


< 


R (5) 


A graphical representation of the quantity (1-w) plotted with 
respect to Vë is presented in Chapter IV. 

The preceding analysis procedure used to determine the wake 
fraction over a selected speed range is identical for both the unshrouded 


and shrouded model condition. 


pr 





Se 


Thrust Deduction 
The thrust deduction factor, t, was previously defined by the 


relation: 
(lt) = 5 (6) 


To determine this factor for the deep submergence hull form, the compila- 
tion and analysis of data from three of the previously described tests 
is required. The actual operating RPM of the propeller at each speci- 
fied flow velocity is determined from the operating point test. Thrust 
is deduced through analysis of the propeller test with body disturbing 
flow. The drag test yields the resistance force at each corresponding 
flow velocity. 

Based upon the propeller tunnel geometry a free body diagram 
(Figure XI) is constructed of the actual forces acting on the body while 
undergoing the operating point test. Equilibrium equations are then 
developed as the basis for analytical determination of the thrust 
deduction factor. 


The basic equilibrium equation may be written as: 


Y-R = |3W - W + KEE FE 
where the quantity in brackets is designated: 
P = |3 W - W. + = 
= ° (16) 


Hence, equation (15) may now be written: 


Y- R =P+ K (17) 
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FIGURE XI 


FREE BODY DIAGRAM - OPERATING POINT TEST 


Positive Direction (<—) 


Definition of symbols used in conjunction with the above figure: 


D = conversion factor (see Appendix F) (VMU/1b ) 

K = constant thrust developed at zero velocity (Cb) 

Y = propeller thrust developed (1b 2) 

R = body drag CH 

Wp = weight acting to create CCW moment (lever arm = 1) (1b ,) 
W, = weight acting to create CW moment (lever arm = 3) (1b a 
VMU = voltmeter thrust readings (VMU) 
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Applying the boundary conditions: 
When the propeller tunnel velocity, N equals zero and the 
propeller is stationary (N = 0), the expression (Y - R) = 0 and P = Po 


Thus, equation (17) becomes: 


O = P. + K 
(18) 
amd equation (16) becomes: 
P VMU 
, np 
O 
(19) 
Substituting equation (18) into equation (17) gives: 
Y-R = P- DE 
(20) 


The data recorded for the segment of the operating point test 
during which the impeller velocity was set to zero is now converted to 
pound force units through equation (16) for each specific RPM. The 
calculated values of P are plotted along the ordinate axis versus the 
corresponding N (RPM) value along the abscissa. Extrapolating this 
curve to N = O, the value at which it intersects the ordinate is 
defined as P_ in accordance with equation (19). Because adjustment of 
the measuring apparatus was necessary during the conduct of the experi- 
ment, the B. value used for the analvsis of the operating point test at 
Lë = 3 ft/sec and the value used for the succeeding velocities are based 


on different sets of data. The tables of data from which the corres- 


ponding P. values result are presented in Appendix J. 





For each selected fluid velocity, the voltmeter readings and 
pan weights recorded at each RPM are also converted to pound force units 
as previously described in order to yield a value of P corresponding to 
each N. Algebraically combining these values of P with the constant 
value P, Ín accordance with equation (20) yields a value of (P - P. 
for each value of N over the range tested. 

Plotting (P - be) with respect to N produces a curve which 
intersects the abscissa at the actual operating RPM for the specified 
fluid velocitv. These operating point curves are presented in Chapter IV. 

With these operating values of N and V_; the advance coefficient, 


J, is found from the previously defined identity: 


Blo 


Fie 
(9) 


where: Vi = kV, (1-w) V. (1-w) 
DEN 
n= Meo 
Hence, equation (9) is written in the form: 
Vo (1-w) 
N 
CHA ep (21) 


Using the value of wake fraction determined in the preceding section of 


this chapter, and designating the combined constants in equation (21) as 


Ca the equation is reduced to: 


Im (22) 
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Theoretically, the propeller operates at a constant advance 
coefficient. The operating RPM is plotted versus the corresponding MAL 
By a method of least squares curve fitting, the resulting plot, a line 
of constant slope, intersects the coordinate axis at the origin. This 
curve is presented in Chapter IV and the associated mathematical analysis 
iS outlined in Appendix H. 

Using the N picked off the faired curve at any of the corres- 
ponding selected velocities, the constant value of J is calculated. 
With this value of the advance coefficient, the K. versus J corrected 
curve resulting from the test with body disturbing flow is entered to 
pick off the corresponding value of propeller thrust coefficient. 

Therefore, all the parameters of equation (23) are known. 


This permits solution for the thrust at each selected velocity. 


2 4 
To = on D K. (23) 
By combining constants, this equation is reduced to: 
ope Co n° ky (24) 


Now substituting the values of N across the range of selected 
velocities generates values of thrust for the combination of model and 
supporting cables. The excess thrust required to overcome the cable 
drag, R de? is subtracted from the combined thrust to yield the 
thrust, T, exerted on the hull form alone. 


With the thrust known, the next logical step is to analyze the 


drag test and to determine the body resistance. During this test the 





* Refer to Appendix G 
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total combined model hull form and cable drag had been measured at each 
selected velocity. In order to find the body resistance alone, the 
cable drag is subtracted from the total drag. The resulting body drag 


may be expressed as: 


R = f (pSV) (26) 


From fundamental fluid dynamics the drag is as previously given: 


2 
R = Cp PS Y, (4) 


NI 


This drag resistance is plotted versus its respective effective free 
stream velocity and a curve is fitted to the data points using the 

E | 
method of least squares. This method results in the determination of 


the coefficients a from the general parabolic equation: 


1? > a 


3 


2 
y = a, + a, x + a, x (27) 


where y and x represent dummy variables for the body drag and effective 
free stream velocity, respectively. The coefficients a, and a, approach 
zero, thereby reducing equation (27) to: 


y= a, x° (28) 


Therefore, with all parameters known, the constant drag coefficient is 


found from the relation: 


1 
a. = 5 pS Ch (29) 


Hence, the drag test yields a significant hull parameter, Cp? as well 


as the body resistance as a function of velocity. 





* Refer to Appendix H 
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With the thrust and drag of the body known at each corresponding 
effective free stream velocity, equation (6) is solved for the thrust 
deduction factor in the case of the unshrouded model configuration. 

For the shrouded model configuration, the thrust produced by 
the nozzle must be added to the propeller thrust to yield the total thrust 
for the propeller-nozzle system. Since the nozzle profile design is based 
on the van Manen “optimum system", the operating curves derived from open 
Water tests conducted on this family of nozzles are used to determine the 
nozzle thrust coefficient. The nozzle K, versus J curve of reference (10) 
is given in Figure XIII of Chapter IV. 

Entering this curve with the previously determined value of J, 
the constant nozzle thrust coefficient is found. Assuming the difference 
between the open water nozzle thrust and the thrust with the nozzle aft 


of the test body to be comparatively small, the thrust produced by the 


shroud at each test velocity is given by: 


b = K. Pn D (30) 


With the total system thrust for the propeller and shroud known 
at each corresponding effective free stream velocity, equation (6) may be 
solved to yield the thrust deduction factor for the shrouded model 
configuration. 

The plots of the average (1-t) with respect to the effective 
free stream velocities for the respective model configuration are presented 


in Chapter IV. 
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ul Efficiency 
With the wake fraction and the thrust deduction factor known 
for each model configuration, the hull efficiency, e); may be computed 


from the expression: 


E 
ct 


en = 


(31) 


= 
= 


This particular element of efficiency represents a measure of the 
recovery by the propeller of the energy dissipated by the hull in 


creating the wake. 
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CHAPTER IV 


RESULTS 


The following results were obtained by experiments conducted 
at the Massachusetts Institute of Technology propeller tunnel with the 
testing procedure and analysis described in preceding chapters of this 
thesis, 

Open-water propeller performance curves for the unshrouded and 
shrouded screws are given in Figures XII amd XIII. Plots of the water 
velocity in the plane of the propeller (V,) measured with respect to 
the radial distance from the body centerline axis for each selected 
free stream velocity are given in Figures XIV through XXIII. The 
resulting wake fraction at each corresponding effective free stream 
velocity is presented in Figure XXIV for the unshrouded and the 
shrouded model configuration. 

The resistances of the model plotted with respect to the 
effective free stream velocity for each propeller condition are given 
in Figures XXV and XXXIV. A series of curves which provide operating 
propeller RPM at each test velocity are presented in Figures XXVI 
through XXXI and Figures XXXV through XL. Plots of the operating RPM 
versus the effective free stream velocity as described in the thrust 
deduction analysis are given in Figures XXXII and XLI. General propeller 
performance curves for the body disturbing flow test are presented in 
Figures XXXIII and XLII. The nozzle thrust coefficient curve for the 


shrouded configuration is included in Figure XIII. The computed thrust 


mA Pm: 





deduction factor at each corresponding effective free stream velocity 
is presented in Figure XLIII for the shrouded and unshrouded model 
configuration. The hull efficiency is plotted with respect to the 
effective free stream velocity in Figure XLIV. 

A concise tabulation of significant results for the unshrouded 
and shrouded model condition are presented in Tables III through VI at 


the end of this chapter. 
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FIGURE XIII 
OPEN WATER PROPELLER TEST 
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FIGURE XV 
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FIGURE XVI 
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FIGURE XVII 
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FIGURE XVIII 
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FIGURE XIX 
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FIGURE XX 
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FIGURE XXI 
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FIGURE XXII 
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FIGURE XXIII 
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FIGURE XXIV 
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FIGURE XXXII 
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FIGURE XXXIII 


PROPELLER TEST, UNSHROUDED 
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FIGURE XXXIV 
MODEL DRAG CURVE, SHROUDED 
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FIGURE XLII 


PROPELLER TEST, SHROUDED 
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FIGURE XLIV 


HULL EFFICIENCY 
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TABLE IV 


RESULTS FOR THE SHROUDED MODEL 
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S Cr S. C. 


= Normal resi Flow a i 


Shrouded | 8.56 | .0349 


TABLE VI 


AVERAGE HULL EFFICIENCY PARAMETERS 


— men e, 
Shrouded 1.191 — 


Ton 





CHAPTER V 


DISCUSSION OF RESULTS 


The final wake fraction and thrust deduction factor for the 
unshrouded configuration were both found to be approximately 0.3. This 
relatively unfavorable condition stems from the blunt hull shape of the 
model (5 = 1.97) and the ensuing separation around the afterbody. It 
should be emphasized that the velocity survey was conducted in the 
absence of the propeller, and hence, the normal wake was established. 

In Figure XLV, the separation around the afterbody is clearly visible 
at a flow rate of six feet per second under the condition of a non- 
rotating propeller. 

The wake fraction and thrust deduction factors are interrelated 
and can not be considered independently. In general, as the separation 
near the propeller increases the dependency of (1-t) on (1-w) also 
increases. The analysis of data to determine the thrust deduction 
factor was based on the normal wake fraction. With the propeller rotat- 
ing as in Figure XLVI, the separation appears to be all but recovered, 
and subsequently, the velocity in the plane of the propeller is increased. 
Therefore, the effective wake should be less than 0.3 during the self- 
propulsion test. All other factors remaining constant, the advance 
coefficient corresponding to the operating point increases. Therefore, 
the actual thrust is less than the calculated thrust, which is based 


on the velocity survey. From the equation 
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FIGURE XLV 


MODEL ASSEMBLY WITH SEPARATION 
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FIGURE XLVI 


MODEL ASSEMBLY WITH SEPARATION REDUCED 
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the decrease in the thrust deduction factor is inversely proportional 
to the decrease in thrust. Then it follows that (1-t) is proportional 
to (1-w), where the thrust coefficient is a linear function of the 
advance coefficient at the operating point. 

A major factor iniluencing the propulsive coefficient, PICS 
in an axisymmetric submarine with a centerline screw is the hull 
efficiency. This coefficient is a function of the ability of the 
propeller to recover a portion of the energy lost to separation around 
the afterbody of the hull. A compilation of hull efficiencies for 
submerged bodies of revolution having an axisymmetrically mounted 
screw has been assembled by Arentzen and Mandel (1) and leads to a 
Significant relationship. In effect, the hull efficiency decreases as 
the propeller diameter to ship diameter increases. 

The test results of Chapter IV apply to a propeller diameter 
to body diameter of 0.67. This ratio is relatively higher than the 
range of ratios for single screw submarines of the United States Navy. 
Accordingly, it might be expected from Figure XLVII, which is reproduced 
in part from reference (1), that the hull efficiency of this deep 
submergence hull form is considerably less than that of a typical 
submarine. Indeed, this is the case. The experimental results for 
the unshrouded configuration indicate that the hull efficiency is 
approximately unity. 

Extrapolation of the (1-t) and (1-w) curves with appendages 
in Figure XLVII shows that these curves intersect for propeller dia- 
meter to ship diameter ratios in the vicinity of 0.65 to 0.70. Hence, 
the experimental hull efficiency in the unshrouded condition compares 


favorably with the extrapolated data of reference (1). 
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FIGURE XLVII 


VARIATION OF WAKE COEFFICIENT 
AND THRUST DEDUCTION COEFFICIENT 


Increasing values of 
(l-w) and (1-6) 





(Propeller/Ship) Diameter Ratio 
Extrapolation of the (1-w) and (1-t) 


Zones is Shown by Dash Lines 


Attachment of the propeller-nozzle system to the body resulted 
in a negative wake fraction of 0.191. This result is substantiated by 
the fact that the fluid velocity in the plane of the propeller, Ver in- 
creases due in part to the contraction of the fluid flow within the 
nozzle (13), while the effective free stream velocity remains essentially 


constant. Since the thrust deduction is directly influenced by the wake 
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fraction (21), it would be expected that the thrust deduction factor 
would decrease accordingly over the unshrouded propeller condition. 
The decrease of thrust deduction factor to about 0.20 does, in fact, 
confirm this hypothesis. However, while the wake fraction decreased 
by approximately 183 percent over the unshrouded condition, the 
corresponding thrust deduction decreased only 33 percent. This 
resulted in a hull efficiency of 0.67, which is considerably less than 
that for the unshrouded model configuration. 

However, an evaluation of the hull efficiencies does not offer 
a totally conclusive comparison between the two model conditions. The 
more efficient system should be found by considering the propulsive 
coefficient and the corresponding propulsive power for each configuration. 
In the conventional manner, the propulsive coefficient is the product 
of the following components: relative rotative efficiency, hull efficiency 
and propeller efficiency. For the shrouded condition, one method of 
determining the propulsor (propeller and nozzle) efficiency is to use 
the total thrust coefficient, which can be determined by a summation 
of the propeller ard nozzle thrust. 

Furthermore, the propulsive power required is a major criterion 
in the selection of the best system for propelling a given hull form. 
This is because the optimum propulsive coefficient is dependent on the 
propeller diameter to body diameter ratio and the pitch to diameter 
ratio of the propeller (1). These optimum values are not necessarily 


the same for the shrouded and unshrouded cases. Using an assumed relative 
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rotative efficiency of 0.900, the hull efficiencies from Figures XLIV, 
and the respective propeller efficiencies from Figures XXXIII and XLII 
the propulsive coefficient for the unshrouded case was found to be 
0.451 and for the shrouded case 0.293. 

In Appendix K, the propulsive coefficients for the two 
systems have been tabulated and can be used for a general comparison. 
Nevertheless, the respective propulsive coefficients are not necessarily 
the optimum values and the analysis is valid only for a propeller 
diameter/body diameter of 0.67, a propeller pitch/diameter ratio of 
unity, and then only if the parameters of which the P.C. is composed 
are determined in the manner described in the preceding chapters. 

For this particular system the fact that the nozzle does not 
contribute to an increase in propulsive efficiency may be attributed 
to several factors. Initially, the magnitude of the clearance between 
blade tip and nozzle wall markedly exceeds the tolerances predicted 
theoretically for this screw plus nozzle combination. In accordance 
with reference (11), the maximum clearance allowable is in the order 
of 0.04 inches so as to achieve an efficiency increase for a shrouded 
propeller of eight-inch diameter. Due to the complexity of installa- 
tion and alignment of the propeller-nozzle combination in the test 
chamber and due to the inherent vibration of the torque shaft, it was 
necessary to use a significantly larger clearance. The actual clear- 
ance at the minimum nozzle diameter was 0.188 inches. With reference 
to van Manen (12) the efficiency loss due to this excessive blade 


clearance is in the order or ten percent. 
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The second reason for the efficiency loss in the shrouded 
condition is also highly significant. The fixed nozzle, despite its 
special from and the forward thrust which can be produced upon it, 
comprises a sizable appendage. Its fitting involves a considerable 
amount of added appendage resistance. The added friction is generally 
large enough so that it is balanced by the improved performance of the 
propeller only at high values of the thrust load factor, T. As noted 
in reference (20), this occurs when T is equal to or greater than four. 

From the experimental shrouded propeller tests, the thrust 
load factor defined by the relation: 


T 
p sv? (32) 





was found to be about 1.04. Consequently, the addition of a shroud 
would not be expected to produce an increase in propulsive efficiency. 
A third reason for the low efficiency is attributed to the restricted 
fluid flow within the test chamber due to the relatively equal magni- 
tude of the hull form and the tunnel nozzle. The boundary layer 
effects and excessive pressure gradients developed as a result of this 
phenomenon undoubtedly affect the circulation about the shroud, thereby 
affecting both hull parameters. In addition, the geometry of the test 
chamber required that the shroud extend about one inch into the exit 
nozzle of the tunnel. This factor also inhibits the contribution of 
the shroud to an increase in hull efficiency by inducing a greater wake 
and thrust deduction than the deep submersible would be likely to 


experience in an infinite fluid medium such as the ocean. 
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Finally, it is possible that the actual shroud and corresponding 
propeller did mot actually form the integrated "optimum system". 
Therefore, analysis of the experimental results does indicate 
that the attachment of a shroud assembly to the deep submergence hull 
form may, in some cases, be of benefit only as protection against 
environmental hazards and not as a means of improving propulsive 


efficiency. 


„ale 





CHAPTER VI 


CONCLUSIONS 


The most important conclusions to be derived from the preceding 


chapters may be summarized as follows: 


1. 


The experimental values of wake fraction and thrust 
deduction were greater than anticipated for a body 
of revolution. This is attributed primarily to the 
large separation observed around the afterbody of 
the model. 

The hull efficiency of the model in the unshrouded 
condition compares closely with published data, 
which is based on propulsion tests conducted on 
models of actual submarines and bodies of revolution. 
The hull efficiency of the model in the shrouded 
condition is less than unity and the propeller 
efficiency is about one percent greater than that 
of the unshrouded propeller. in light of these 
facts, the relatively poor propulsive coefficient 
can be attributed to several significant factors; 
namely, clearance between blade tip and nozzle wall, 
light loading of the propeller, and the detrimental 
effects of the tunnel geometry on the fluid flow 


around the propeller-shroud system. 
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l. The use of a shrouded propeller did not result in 
greater efficiency than an open propeller for the 
hull form and the diameter of propellers tested. 
From the operating standpoint, the shrouded con- 
figuration is better adapted to heavily loaded 
propellers. Therefore, since deep submergence 
vehicles are, in general, lightly-loaded the 
primary purpose of the shrouded propeller is to 


provide protection against underwater obstructions. 
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CHAPTER VII 


RECOMMENDATIONS 


The era of deep submergence research is still in its infancy. 
Therefore, it seems important and necessary that further experimental 
work be undertaken in the study of deep submergence hull forms and 
their associated propulsive coefficient parameters. 

With the construction of the new propelier tunnel at the 
Massachusetts Institute of Technology, the problems associated with 
determining hull efficiency should be greatly simplified. The installa- 
tion of a new sting type dynamometer will improve significantly the 
sensitivity of thrust measurements, thereby permitting tests of models 
as small as six-inches in diameter. Models of this size will sub- 
stantially alleviate the problem of tunnel wall boundary effects which 
up to now have been a major source of error. 

In the future, it is suggested that the propeller-nozzle 
combination be tested as an integral unit. By a rein gages to 
measure the thrust developed by the nozzle, it should be possible to 
experimentally determine the total thrust actually developeä during 
model tests. This improvement, together with closer clearances between 
the propeller and shroud, which will be possible in the renovated 
propeller tunnel, should provide more accurate experimental data. 

Fur future investigation, it is highly recommended that a 


series of propellers using different pitch to diameter ratios and 
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various propeller diameters be tested behind a body of revolution. 
Correlation of such a series will provide a trend of hull and propeller 
efficiencies. In general, as the propeller efficiency increases, the 
hull efficiency will decrease allowing the determination of parameters 
which produce an optimum propulsive coefficient. 

A series of propeller-nozzle systems could also be tested and 
analyzed. This work would permit more detailed comparison of the 


shroud effects on a deep submergence hull form. 
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Nomenclature 


A 


APPENDIX A 


dimensionless fraction denoting a percentage of total 

sink strength 

distance from point source (origin) to point sink 

length of the line sink 

drag coefficient of the model based on area normal to flow 
voltmeter conversion factor 


drag coefficient of model based on wetted surface area 


60(1-w) 


D 
3600 p D' 
propeller diameter 
disc area of the propeller 
inlet nozzle area 
outlet nozzle area 
nozzle area at minimum nozzle diameter 
outlet coefficient 
inlet coefficient 
voltmeter thrust used to determine VMU conversion factor 
adjusted voltmeter thrust (G - G) 
voltmeter thrust zero reading used to determine VMU con- 
version factor 


bromobenzene scale tunnel velocity 
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Cy 


A 


A 
10 


n 


= t nO LÉI SE? a 


ESC, 


PHP 


advance coefficient 
constant thrust developed at zero velocitv 
torque coefficient of the propeller 
thrust coefficient of the propeller 
thrust coefficient of the nozzle 
conversion constant (305 mm/ft) 
pitot tube calibration factor = 1.0 
model length 
propeller revolutions per minute 
Ë: - W. + A 
propulsive coefficient, propulsive efficiency 
value of P at zero flow velocity and zero propeller RPM 
propeller horsepower 
propeller torque | 
body (or body and nozzle) crac! 
model cable drag 
surface area of the model normal to the fluid flow 
wetted surface area of the model (or model and nozzle) 
thrust of the propeller (or propeller-nozzle system) 
uncorrected thrust of the propeller (or propeller-nozzle 
system ) 
thrust of the nozzle 
uniform free stream velocity 


general velocity term 


a coe 





pe 


E. 


P< » = = = = 


PS 


La 


effective free stream velocity 

average velocity in the plane of the propeller disc 
normal to the direction of flow 

velocity along a streamline 

measured pitot tube velocity at maximum cross section 
of the body = used in free stream velocity correction 
potential flow at the maximum cross section of the body 
propeller tunnel velocity 

ordinate axis of the model development equation 
weight acting to create CCW moment 

weight acting to create CW moment 

abscissa axis of tke model development equation 
nozzle inner wall offset (see Figure III) 

nozzle outer wall offset (see Figure TII) 

unit distance 

propelier thrust developed 

coefficients used in method of least squares 

nozzle clearance 

relative rotative efficiency 

propeller efficiency, propulsor efficiency (shroud and 
nozzle) 

hull efficiency 

camber of nozzle profile 


gravitational constant 


Lig 





water manometer height difference 

dimensionless constant (<=) 

length of nozzle ` 

total source and total sink strength 

propeller revolutions per second 

subscript denotes zero reading 

pr multiple of unit distance (equation 12) 
maximum thickness of nozzle profile 

thrust deduction factor 

velocity in the propeller plane 

deviations or residuals in method of least squares 
wake fraction 

distance aft from foremost point on nozzle 

angle of the nozzle profile relative to the shaft 
camber ratio 

thickness ratio 

mass density of fluid medium 


mass density of manometer fluid 


stream function 


S e 





APPENDIX B 


y_and Streamline Develor 





Abstract 

The development of the body through the superposition of 
sources and sinks was performed by the FORTRAN computer program listed 
in this appendix. The computer facilities at the Woods Hole Oceano- 
graphic Institution, Woods Hole, Massachusetts were used for this 
purpose in this project. 

The program takes basic source-sink input data for a zero 
streamline and produces offsets which define the deep submersible hull 
form. It also develops a series of streamlines about the periphery of 
the hull form based on potential flow assumptions. 

Input 

The input consists of one general information card for the 
body development and any number of information cards for the streamline 
development , 

Card Format 
Columns l-5: Number of points on centerline (X) axis. (M) 


Columns 6-10: Number of points in plane normal to the flow 
at each point on centerline axis. (N) 


Columms 11-15: Initial coordinate on centerline axis. (X) 


Columns 16-20: Incremental changes in coordinate values on 
centerline axis. (DX) 


Colums 21-25: Initial coordinate in plane normal to the flow. (WO) 
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Columns 


Columns 


Columns 
Columns 


Columns 


Output 


26-30: 


31-35: 


36-40: 
41-45: 
46-50: 


Incremental change in coordinate values 
in plane normal to the flow. (DW) 


Ratio of point sink strength to total 
sink strength. (A) 


Distance from point source to point sink. (B) 
Length of line sink. (C) 


Number of streamline. (D) 


The printed output consists of offsets from the centerline 


axis which define the profile of the hull form or the streamline of flow. 


Potential Flow Streamlines 


The actual potential flow streamlines around the deep submergence 


hull form developed from this computer program are given in Figure XLVIII. 
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FIGURE XLVITI 


POTENTIAL FLON STREAMLINES AROUND BODY 
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Body Development FORTRAN Program 


Source Sink Program 


Read 1, M, N, XO, DX, WO, DW, A, B, C, D 


PRINT 4 
X = XO 
W = WO 


DO 3 J = 1, M 


DO 2 I = 1, N 


G = SQRTF ((X-B) ** 2 + W * W) 
H = SQRTF (W * W + X * X) 
E = SQRTF ((X-B-C) ** 2 + W * W) 


FV = X/H - 1.11 * W * W =- (A/C) * (G-E) - (1.-A) * (X-B)/G-D 


PRINT 5, I, J, X, W, FV 
| 


W = W + DW 
X = X + DX 
W = WO 

COS TPO 9099 


FORMAT (215, 8F5.3) 
FORMAT (/6X,1HI,7X,1HJ,10X,1HX,11X,1HW,11X,1HF..///) 
FORMAT (2(5X,113), 3(5X,F7.3)) 


END 





APPENDIX C 


Propeller Turnel Data Reduction Computer Program 

The propeller performance data acquired during the open water 
test and the body disturbing flow test was reduced by the FORTRAN 
computer program listed in this appendix. This program was originated 
by Professor J. E, Kerwin. The IBM 7094 computer at the Massachusetts 
Institute of Technology was used for this purpose in the project. 
Input 

The initial data input consists of propeller dimensions, 
pressure and temperature conditions, plus thrust and torque parameters. 
Ary number of cards may be added corresponding to the number of experi- 
mental runs conducted and should contain the shaft RPM, torque, and 
thrust observed. 
Card Format 
Card 1 Colums 1-6: Density (1bm/ft'). 

Columns 6-10: Kinematic viscosity (£6°/sec). 

Columns 15-16: Vapor pressure LP. at gage temperature». 

Columns 18-19: Vapor pressure (69 at tunnel temperature. 

Columns 21-25: Bromobenzene temperature correction. 

Columns 28-31: Propeller diameter (inches). 

Columns 33-37: Propeller chord at O.TR. 

Columns 39-41: Zero thrust reading. 


Columns 43-45: (P - DO) at T ° 





Columns 47-49: 
Columns 51-53: 
Columns 55-59: 
Card 2 Colums 1-5: 
Columns 6-8: 
Columns 9-11: 
Colums 12-15: 
Column 16 : 
Colum 18 : 
Columns 20-22: 
Colums 24-26: 
etc. 


Output 


Thrust sensitivity. 

Zero torque reading. 

Torque sensitivity. 

Shaft Revolution Rate (RPM) 
Range of bromobenzene scale used 
Bromobenze height (mm). 
Atmospheric pressure (mm). 

Large pan weights (#). 

Small pan weights (#). 

Thrust voltmeter reading (VMU). 


Torque readings. 


The output consists of values for the thrust coefficient (K.), 


torque coefficient Git advance coefficient (J), and open water 


efficiency (e), which produce a fair curve between the experimental 


data points. 
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16 


ae 


103 


100 


has 


ba 


LA 
Es 


102 


Propeller Tunnel Data Reduction Computer Program 


Propeller Tunnel Data Reduction Computer Program 
DIMENSION ARRAYA (40,5), ARRAYB (40,5), XKT (5), 
XKQ (5), SPACE (40), REMARK (12) 

El = .000001 

MGLSQ = 4 

READ 122, (REMARK (IMP), IMP = 1,12) 

FORMAT (1246) 

PRINT 103, (REMARK (IMP), IMP = 1,12) 

FORMAT (18. /// 6X, 1246 ///) 

PRINT 100 

FORMAT (/// 20X, 9HVAPOR BB, 9X, 24H0.7R 

THRUST TORQUE/6X, 59H*DENS* 

*VISC*PG PT CORRN DIAMT CHORD 

ZRO*SEN* ) 

READ 101, RHO, GNU, NPVG, NPVW, BB, 

D, CHORD, NTZ, LZ, NTS, NQZ, QCONST 

FORMAT (R6.4, F7.4, 223, F6.3, F6.2, F6.3, 414, F6.3) 
I SEC ae 

CALL EXIT 

PRINT 102, RHO, GNU, NPVG, NPVW, BB, 

D, CHORD, NTZ, LZ, NTS, NQZ, QCONST 


FORMAT (6X, F6.4, F7.4, 213, F6.3, F6.2, 


176.3, bih. 76.3 ///) 
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LIO 


EISE 


15 
L7 


PRINT 110 
FORMAT (21X, 6H THRUST/6X, 26H 
LNRHPLSGQ, 48h J KT 
1 KQ E SN SV SB RN) 


TSENS = 15.0/FLOATF (NTS) 


SMALL = 10.0 
NPVQ = NPVW - NPVG 
tr (D-2.0) 1,1,2 
2 D = D/12.0 
1 QCON = O.1XCONST 
K = 1 
3 READ 111, N, MRAN, M, L, NTA, NTB, 
1 NTC, NQ 
FORMAT (14, 12, 21%, 212, 214) 
IF (N) 20, 20, 15 
IF (K-31) 17, 20, 20 
RAT = SQRTF (FLOATF(M)) 
IF (MRAN-2) 4, 5, 6 
h V = .424*BB*RAT 


GO TO 7 


NI 


V = ¿É90XBBXRAT 
GO TO 7 
6 IF (MRAN-3) 8, 8, 9 


8 V = .961XBB%RAT 
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22 


23 


GO TO 7 
9V = 1.942*RAT 
7 RPS = FLOATF (N)/60.0 
AJ = V/(RPS*D) 
IF (AJ-SMALL) 22, 23, 23 
SMALL AJ 
VB = SQRTF (V¥*2+(6.283185 3*0. 35 
1 *RPS*D)**2) 
BUG = RHO*RPS**OxD**4 
T = 30.0%FLOATF(NTA) + 15.0% 
1 FLOATF(NTB) + FLOATF(NTC-NTZ) 
1 *TSENS + 0.00892 * FIOATF(L-LZ) 


AKT = (T + (V/21.0)**2)/BUG 


AKQ 


l 
ü 


(FLOATF(NQ-NQZ)*QCON )/ 
1 (BUG * D) 


E 


H 


(AKT * AJ)/(6.2831853 * AKQ) 


L 


L - NPVQ 
SIGN = FLOATF(L)/(0.1796 * REO * RPS ** 


1 2 * D ** 2) 


SIGV = SIGN/AJ**2 
SIGB = FLOATF(L)/(0.1796*RHO*VB**2 ) 
REYN = VB * CHORD/GNU 


PRINT 112, N, MRAN, M, L, NTA, 


1 NIB, NTC, NQ, AJ, AKT, AKQ, E, SIGN, 
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112 


20 


1 SIGV, SIGB, REYN 


FORMAT (6X, 14, 12, 214, 212, 214, 
3F7.4, 46.3, 4F6.2) 


ARRAYA (K,1) = 1.0 


ARRAYA (K,2) = AJ 
ARRAYA (K,3) = AJ**2 
ARRAYA (K,4) = AJ**3 
ARRAYA (K,5) = AKT 


ARRAYB (K,1) = 1.0 


È 


ARRAYB (K,2) = 


E 
$ 


ARRAYB (K,3) = 


ARRAYB (K,4) = 


E 
à 


I 
= 
D 


ARRAYB (K,5) = 
he eee 

GO TO 3 

K = K - 1 
CALL GISQ (ARRAYA, XKT, SPACE, K, 
MGLSQ, ALPHA, El, El) 

CALL GLSQ (ARRAYB, XKQ, SPACE, K, 
MGISQ, ALPHA, El, El) 

DO 12 J = 1, 40 

AJ = FLOATF(J)/20 

ARRAYA (J, 1) = AJ 


ARRAYA (3,2) = XKT(1) + (XKT(2)*AJ) + 
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I {(XKE(3)XAJ**2) + (XKE\4)#AJ**3) 
ARRAYA (3,3) = XKQ(1) 4 (XKQ(2)XAJ) 4 
1 (XKQ(3)*AJ**2) + (XKQ(4)*AJ**3) 
IF (ARRAYA (J,2)) 10,12,12 
12 CONTINUE 
10 J = J - 1 
PRINT 107 
107 FORMAT (/////// om 3 KT KQ 
1E /) 
DO 13 I = 1,J 
EF = (ARRAYA (1,1)*ARRAYA(1,2))/ 
1 (ARRAYA(I,3)*6.283189) 
IF (ARRAYA 1,1) - SMALL + 0.04) 13,2%, 24 
24 PRINT 116, (ARRAYA(I,K), K = 1,3),EF 
116 FORMAT (75.2, mach, F10.4, F9.3) 
13 CONTINUE 
GO TO 16 


END (E 1,0,0,0,0,0, 150.1 05050500) 


O > 





APPENDIX D 


Pitot Tube Calibration 

The pitot tube used to measure water velocities for the wake 
fraction calculations was initially calibrated against the bromobenzene 
gage permanently installed in the propeller tunnel. The pitot tube 
alone was placed in the water-filled test section just forward of and 
parallel to the propeller shaft. By regulating the impeller velocity 
from the tunnel control board, the circulation rate of the water was 
increased in incremental steps. 

At each selected flow rate, the velocity was measured in 
millimeters on the bromobenzene gage and corverted to units of feet 
per second through use of propeller tunnel conversion graphs. 
Simultaneously, the velocity at the pitot tube was measured in milli- 
meters of water on the manometer to which it was connected. In order 
to convert the differences in height to standard units of velocity, the 
Bernoulli theorem was applied along a streamline. 

FIGURE XLIX 


PITOT TUBE SCHEMATIC 


p 
Dynamic & Static e 


Pressure 


Static Pressure 





Ole = 





In the above figure A, B, and C are points in a streamline. 
Velocity and pressure at A are those obtaining in the fluid stream. 


The Bernoulli equation is: 


m. m on ie m. A 
Pa Be pA Pz Be PB" Po” Be PC (33) 


Since differences in level are insignificant: 


Pa = Poo Vpp = 92 Vpn = Vg = Vp (34) 
1 2. >x 2 _ Ae A 
Ze (Pr = Pa) 
E B ` PA 
o oo (36) 


The difference in p::essures is represented by the reading on the 


differential manometer. Thus the equation for velocity becomes: 





Vp (37) 
where: Ka = conversion constant (305 RO 
(p' = mass density of manometer fluid) = (p=mass density of medium) 


‘ The equation is reduced to: 


| i 
Vp = 4 zn) Ah sas (38) 


Hence, equation (38) permits conversion from manometer height differences 
to water flow velocity expressed in feet per second. The differences 
between the velocities Vo and Vo at each calibration point were then 


calculated. 
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below: 


The original data and corresponding results are tabulated 


TABLE VII 


PITOT TUBE CALIBRATION DATA 


(ft/sec) 













The sum of the U - „| values were then averaged to determine 


the calibration factor, Ko; for the pitot tube. 


Ve — Vp = «OL 
Y - Vo = .00125 
average 
K, = «99875 = 1:0 


= OG. = 





APPENDIX E 


ree Stream Velocity Correction 

Velocity measurements in the propeller tunnel were obtained 
from a bromobenzene gage which was calibrated for open water propeller 
tests. When the model was mounted in the test chamber, the fluid 
flow became restricted because the model body and tunnel nozzle dia- 
meters were of the same magnitude; namely, twelve and twenty inches 
respectively. Comsequently, the free stream velocity had to be 
corrected due to the boundary layer effect of the tunnel nozzle and 
the pressure gradient created in the open jet section of the test 
chamber. 

In order to determine this correction, the water velocity 
was measured with a pitot tube positioned 2-3/8 inches radially out- 
ward from the body in the plane of the body's maximum cross section. 
This is approximately half the radial distance between the model sur- 
face and an imaginary extension of the nozzle wall. 

Assuming that potential flow existed around the body from 
its nose aft to the maximum cross section, a relationship between the 
potential flow velocity at free stream, Vo and the potential flow 
velocity at the maximum cross section, ie was determined from the 
computer derived plot of streamlines.* The relation is expressed as 


follows: 


a E 
T - = 1.45 (39) 
V 





* Refer to Appendix B 


O 





This assumption is based on the premise that the tunnel walls are an 
infinite distance from the body. However, tunnel walls actually do 
exist in the form of a pressure boundary, To compensate for this 
situation, actual measurements were made with a pitot tube positioned 
relative to the body at the same point at which Ve was determined 
from the streamline plot. It then followed from the potential flow 


assumption that an effective free stream velocity, es must exist. 


Hence, the following equality resulted: 


V V 
pet. = San (40) 


V V 
e V 








Tabulation of corrected velocitv in feet per second is given 
in Table VIII. 
TABLE VIII 


EFFECTIVE FREE STREAM VELOCITY DATA 


V 

C 

V V V VY 
V Peto € V 
3.0 4,83 1.110 
150 5.73 .986 
6.0 8.22 . Ul 
8.0 a) .956 
10.0 13.3 .916 
12.0 oe «925 





Taking the average of the Ve ratios in Table VIII yields the constant 
V 
used throughout this thesis to correct free stream velocity for the 


effects of the tunnel environment: 


k = 7 = 0.972 (41) 
V 
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APPENDIX F 


Voltmeter Unit Conversion Factor 


In order to convert the voltmeter readings to units of force, 
a conversion factor expressed in voltmeter units per pound force is 
needed. Although there are several methods of determining this con- 
version factor, the method outlined in this appendix is most easily 
adapted to a straightforward analytical presentation. 

Using the results of the unshrouded propeller test with the 
body disturbing flow for which data is given in Table XXV, the computer 


output arbitrarily selected for analysis is as follows: 


N = 1204 PRM 

D = 8 m. = °/3 tt. 

K, = 0.1551 

J = 0.7950 

G = Thrust in voltmeter units = .380 

Go = Voltmeter units at zero thrust = .080 


Using equation (8) to determine the thrust: 


P = Pê D'K, (8) 
Be ia gage) 32.2 1bf £t/sec“ | 1201 == S 2 et Y 

Pt? 132.2 Ibm ft/sec“ Su (.1551) 
T = 24.0 1lbf. 


Determining the adjusted thrust in voltmeter units, Ga: 


Q 
Il 


G - G = +380 - .080 


G = 300 VMU 
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The conversion factor can now be calculated: 


Topa: e .300 VMU 
o To 24.0 lbs 
_ VMU 
C. = 0.0125 / o 


This conversion factor was verified frequently during the conduct of 


tests in the propeller tunnel. 
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APPENDIX G 


Cable Drag Correction 

During the thrust and drag tests, an error in measurement was 
introduced. This error was due to the drag imparted to the model by 
the six positioning cables. The following development serves to 
determíne an analytical correction for this drag. 


Recalling the equation for the drag on a body in a fluid 


I 2 
Ra S p s v. (4) 


Sp 
and estimating the velocity distribution around each cable, the cable 
drag can be calculated analytically once P, S, and Co are determined. 
For simplicity, assume that the average velocity at each cable is at 
its midpoint and potential flow exists around each cable. 

The forward and after cables were an average length of 4.0625 
and 5.375 inches respectively and had a diameter of .0625 inches. 
From the plot of tne potential flow streamlines, the velocity at the 
forward and after cables relative to the corrected open water velocity 
was found to be 1.620 and 1.335 respectively. 

Equation (4) relates the cable drag as a function of C, and 
v. since p amd S are known constants. The drag coefficient for a 
cylinder normal to the flow is 1.2 for a cylinder o > 20." However, 


the positioning cables are not without obstructions. Nico-press 


fittings concentric to the cables protrude from the body and adjusting 


* 0. W. Eshbach, HANDBCOX OF ENGINEERING FUNDAMENTALS, pp. (-101 to 
7-104 o 
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screws project into the flow at the positioning bars. 


The total cable drag on the six positioning cables is: 


+ 3 R (42) 


R > Rec. co 


t 
where R... denotes the drag on one forward cable and Ban denotes 
the drag on one after cable. However, the total cable drag is pro- 
portionally transmitted to the model and the positioning bars. 
Therefore, let us assume that one half of this total drag is trans- 


ferred to the model. Then the model drag correction becomes: 


BAD 
Ande 3 3 Re : di (43) 
where 2 
LP ns + 00893 a (44) 
and 2 
R . 00805 Ve (45) 


By substituting equations (44+) and (45) in equation (43), the model 
drag correction may be expressed as} 
==. = 

Bas = °0295 V. (46) 


A graphical plot of R, vs Lë is shown im Figure L. From this figure 


de 
the model cable drag at any likely model speed can be read. Hence, 
to reduce total measured drag or thrust to model drag or model thrust 


we need only subtract the model drag correctiono 
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FIGURE L 


CABLE DRAG ON HULL FORM 
VS 


EFFECTIVE OPEN WATER VELOCITY 
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V. (ft/sec!) 


= EE = 


10 





APPENDIX H 


Method of Least Squares for Curve Fitting 


It is often desirable to pass a curve, for which a mathematical 
equation is known, through a series of points. A process commonly 
used for this operation is the method of least squares. 

The most direct manner by which to explain this process is by 
application to an actual problem. Considering the drag test as described 
in the main text of this thesis, a significant result of the test is 
the determination of the body drag coefficient, Cy: 

It is known that the body resistance may be expressed by the 
drag equation: 

RREO io e (4) 
From the drag test, there exists a measured drag for each fluid flow 
velocity. Hence, the method of least squares is chosen to produce a 
fair curve through these data points. 

Since drag is proportional to the square of the velocity, a 
second degree polynomial equation is selected. The general form of 
the equation is as given in Chapter III, equation (27): 

y = a, + aX + ax (47) 
where y represents the drag force and x denotes the corrected free 
stream velocity. Since the resulting curve will not pass through 
each data point exactly, deviations or resicuals, Va will exist and 


are defined by the expression: 


2 
V, = a+, X, + a, X,” - y; (48) 
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From the preceding equation the following derivatives are obtained: 


dv dv. dv 


BECK al. s= = X oe 
= 3 Es G Ges * 
98. a, i, da, i 


and the sum of the squares of the deviations, S, are given by the 


relation: 
n n _ ° 
s-) we) [Ee -¥,| (49) 
i=l Ti 


The unknown parameters, a,» are then determined so that S is a minimum 


by the normal equation: 
n 
às dv 
= 2 Wie i = 0 (50) 


For the specific case of the second degree polynomial with 


six points to fit the normal equations become: 


6 

2 Vi dv. 

se 0  X=1,2,3 (51) 

Za 8 

6 

)- (a, +a, x, + a, x - Yi) sl = O (52a) 
i=l 
6 

PA (a. +a, x, + a, a - vi) x, = 0 (52b) 
i=1 


la S 





6 
E (a, +a, x, + a, = o 74) dec So (530) 


On collecting the coefficients, a set of linear equations result: 


6a, + ju “| "i d 2= Y) y 


i= “Ga i=1 (54a) 
6 6 6 6 
T d a, + ja d an + p d = = 1 EY 
i=] i=] i=] i=l 
(54b) 
6 6 6 . 6 
2 3 _ 2 
B E Ji lee) i “a ) X; y; 
i=] i=1 i=] ¡=] (She) 


Illustrating the use of these equations by applying actual data 
compiled during the unshrouded drag test: 


TABLE IX 


UNSHROUDED MODEL DRAG TEST DATA 
tn ee ee 


EEES 





E fo fem [e 


Appropriate substitution yields: 


6 
y x, = 38.87 
i=] 
6 
2 
=1 


- 116 - 





2 
> x, y; = 8432.0 
isl 


Hence, equations (5ha), (54b), and (54c) become: 


6a, + 38.87 a, + 340.1 a. = 87.32 


1 3 
38.8 a, + 340.1 a, + 3221.0 a, = 834.9 
340.1 a, + 3221.0 a, + 3247 3.0 a, = 8432.0 


Solution of these equations yields: 


a, ="0 
a, — O 
s 02099 


Then equation (47) simplifies to: 


y = .2599 x° 


re 


(55a) 


(55b) 
Se) 


(56) 





and the drag equation becomes: 


DE 2599 v 2 (57) 


where R is the drag in pounds and ia is the velocitv in feet per 


second. Since, 


al 2 
en 
Í 2 2.2509) 
D pS 
where S = .817 ftl and p = 1.937 


Therefore, the unshrouded drag coefficient of the model based on the 


cross-sectional area is: 
Cp = . 328 


The principle of least squares is applied throughout this 


thesis to produce accurate curve fit to plots of experimental data. 
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APPENDIX 1 
Sample Calculations 


Wake Fraction 
The determination of wake fraction at an uncorrected free stream 
velocity of 4 feet per second is used as an illustration. 
Velocity in the plane of the propeller based on data from the 
velocity survey is plotted with respect to the distance of the pitot 
tube from the screw center line axis. 
FIGURE LI 


VELOCITY SURVEY CURVE 


VI ON 
= 


ft/sec) 


Distance from Propeller Axis (Inches) 


=; 119 





The propeller disc is divided into a series of concentric discs and 
the mean velocity is read graphically. Then it is weighed propor- 


tionately with its respective disc area. 


< 





o Área 
a = 1,0 Len 
b=1.5 2 (hm < m) = 3m 
c = 2.2 3 - (% - lm) = 5r 
a=3.8  k- (16n - 9m) = u 
V = a + 3b + 5c + «eee + (2 p-1)m 
o o p? (14) 
pa + 3(1.5) + 5(2.2) + 7(3.8) | m 
V = 
O Lon 
V = 2.70 sss 
With Lë also know, the wake fraction may be found: 
V 
lew = T2 (5) 
to 
l-w = = 102695 
w = 0:305 
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Thrust Deduction Factor 


The determination of the thrust deduction factor at an un- 


corrected free stream velocity of h feet per second is used as am 


illustration. 


From Figure XXVI, the zero value, Po is found to be 14.8 


pounds. The value of P throughout a range of RPM values is found 


from equation (16). 


VMU 
P = 3W, ^ Ne T cn 
From data at N = 55( RPM: We = Wa = O, VW = 2.192 


.192 VMU 
VMU 
‚0125 labs 


15.35 lbs. 


Now to find the thrust difference from equation (20): 


LO R =" p= P 
O 


BB = = 14.80 = 0.55 lbs. 


(16) 


(20) 


Similar calculations of (P - P_) are made across the range of shaft 


RPM analyzed resulting in an optimum operating shaft rotation rate, No 


Now to find the advance coefficient: 
V. (1-w) 
(o D 
Ge (.972) (4) (0.695) (60) 
(535) (2/3) 
0.460 


a 
il 
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Entering Figure XXXIII with this value of J: 


K. = .195 


Hence, from equation (23) the thrust on the body and cables combined 


is Tound: 
2 
T = K, p n° pi (23) 
T. = (195) (1.9361) [2] (5352 Ey 
w 5 +93 Zo DID 3 
T = 5.81 lbs. 


Determining the corrected thrust by subtracting the cable drag 
(see Figure XLVI): 


A E (58 ) 


fil 5.81 - .386 = 5.42 lbs. 


The body drag at the velocity analyzed is picked off Figure XXV. 


R = 3.96 lbs. 


Now equation (6) may be solved for the thrust deduction factor: 


R 

lt = q (6) 
_ 3-96 _ 

ern SES ~ 0.730 

t = 0.270 
Hull Efficiency 

e = i (31) 
_ (30 

Sh E 

e = 1.04 
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APPENDIX J 


Summary of Experimental Data 


Velocity Survey Test - Unshrouded Condition 





Test Facility - M.I.T. Propeller Tunnel 
Test Date - December 23, 1965 


Pitot Tube Location 


= mer Reference Level 


D- 9" d 

ES ae Pitot Tube Level 
een G 

Propeller Shaft 





Air Temperature - 760F 
Water Temperature - 52°F 


Barometric Pressure - 767.2 mm Hg. 


TABLE X 





V, < h ft/sec = 35 mm B.B. V. = 3.89 ft/sec 


ug |) Se) A 4 
O 
TEES 





MES 
A 
17 1.88 
3 3/8 5 5/8 130 5.25 
er: 
m: 





1.30 


8 no | 3.32 


ae 





IA = T mm B.B. esse 
inehes 


Ki 
° 
E? 


Lt ċ 


rs 2.0 


dE E 
e | Tr 
NEL s 
EL LE S L 

6 8 3/8 — 5.35 
A 6.50 
TIT 4.10 
1/2 3 2/2 179 
TABLE XII 


| 


Be É 
v=8°°/,.. = 135 m B.B. 
Run d Deana 





21/8 2.91 
6 3/5 pad ML am | 
216 6, 75 
$11 9.32 
es GA 9.77 
/8 9.90 
| 5/8 237 __ 1.80 
L 8 | 144 | 73 | 390 |! 910 | 





a 
n 
iu E 


e 104 «= 





TABLE XIII 


V.y = 10 A GE = 200 mm B.B Vono ento E 









— — ama o 











21/4 1 78 | +. | 
3 | SA | 314 | 430 9.52 | 
L 4 1/2 ma y2 632 11.53 
E ĦAMES 5/6 686 1 12.03 
| 6 e 6 7/8 693 MALO | 
| 7 | 5⁄8 | 83/8 47 j 975 
8 MB 7 3/5 57% | 11.0 
TABLE XIV 
| Vy = 12 ft/ as = 290 mB.B. Vo = 11.66 ft/sec 
Run | d D = d | Ah va | 
A —  -  - 22 
inches inches | mm H20 ft/sec | 
eae ee Se 
il Dt 1/8. B 147 | 3.16 | 
2 | 5 1⁄2 31/2 E 683 Mi 1240 
CT ie ai IE R. i Sm 
3 4 1/2 4 1/2 | 8% E | 
A HA 
O 5 5/8 | 966 | 14,30 











" 





2 1/8 6 7/8 | 96} 
5/8 8 3/8 


x 
— — = 


oO a A 
l 1/4 T 3/4 | 


=] | GN 


se 





Velocity Survey Test =- Shrouded Condition 





Test Facility - M.I.T. Propeller Tunnel 


3 


‘est Date - February 22, 1966 


F 


Pitot Tube Location. 


Zug 


D = 9" 


+A Se: Pitot Tube Level 
e e EN d. a 3 


Propeller Shaft Axis 





Reference Level 





Pitot Tube Projection into the Shroud 





Air Temperature - T0°F 
Water Temperature = 529F 


Barometric Pressure - 767.0 mn Hg. 
TABLE XV 
= È ft/sec = 35 mr B.B. V, = 3.89 ft/sec 
== e 


as 


> 

= 

fu 
| 

O 





Si 


ft/sec 





= 





Es = 
E 
Fes sh 
De 
Fr Ia 


= 126 = 





TABLE XVI 


= 6 fi/.ec = 75 m B.B. Ve = 5.83 ft/sec 








Run | d D- d © An Vo 
inches | mm H20 | ft/sec | 
o | n8 | 199 
1.20 178 6.15 
Cre lis | m en 
| | | 6.29 | 2.71 239 7,11 
5.84 3.16 | 260 TERI 


5.25 | 3.75 265 


GA 


ON 





TABLE XVII 
Vene Lu. = 135 mm BB, Vo = 7:78 ft/sec | 
Run a | D-d An Ger | 





inches mm Ho0 ft/sec 








197 6.45 
EX 
3 | 1.6 | 
mA i ar ado | 
STA | 55 
6 5.25 3.75 


en a 





TABLE XVIII 


V. = 10 sec = 200mm B.B. V, = 9.72 ft/sec 


no | + [>s 
| 


336 
Ta lie fis [6 



















x 5 | 58 | 3.6 | 668 
6 | 5.2 | 3.75 | E80 
TABLE XIX 
V. = 11 ft/sec = 240 mm B.B. Ve = 11.66 ft/sec 
Run a | Ded Ah | WA 
| 
inches inches mm H20 | ft/sec 
| 
1 | g00 | Bo | as 
I. ‘So 68 | neu | 
e Em | za 
+ | 629 | De 
5 | 585 19% 
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Drag Test - Unshrouded Condition 


Test Facility - M.I.T. Propeller Tunnel 
Test Date - December 23, 1965 


Pitot Tube Location - d = 1 1/4 in. D= 7 3/4 in 
Voltmeter Constant - .0125 all 


TABLE XX 


| 10 | 9.72 | 57m [m.o | ls ie | 
‚545 





ST IŻOMM 





Drag Test ~ Shrouded Condition 


Test Facility - M.I.T. Propeller Tunnel 


Test Date - February 19, 1966 


Pitot Tube Location - same as unshrouded test 


d = 1 1/h jim. D = 7 3/M in. 


Voltmeter Constant - .0125 VMI/ 1% 







[6 Ju ]20.69 | 30 | +o | 
wasa | do | dee 


Zero Reading Calibration Data @ N = 260 RIM and VE = O 


TABLE XXIII 
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Propeller Tests 


TABLE XXIV 


en Water Propeller Test (Unshrouded 


A. 


d/o} ol int al a] ol o Sl ul dl col al o 
iy [ae] st] ae] | S| | = mim oF à; 
A a a a a a] a A Di lm 


= a] 
- de jie 
mm B.B.| mm Hg. (ao 


12 


A o 


185 

o | ` 
250 
20 


WA 
opi |3 


O 
SH 
320 


17 November 1965 


E 
Fai 


Date: 
119 
He 
173 

| 769 


mas |z Les IS 


ri = OO AI >| GO MW fl O OI Ol © 
af Ol VT AI AI co oN OSLO e 4 
A Fill UP O CO atk] ini ON 2 = im 


= 
e 
2 


320 
119 
| 716 
le | 38 | 776 | o | o |as 
| l x 
TT: 








TABLE XXV 





isturbing Flow (Unshrouded 


de 


Propeller with Body D 


Bo 





30 December 1965 


Date: 





a 
Q 
= 
7) 
2 
Z 
k 
` 
= 
Ë 
=) 
d 
Ë 


344 


199 | o | 1° Ia 


294 


— | as 


2 


250 


280 


240 


260 
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TABLE XXVI 


Open Water Propeller Test (Shrouded) 


C. 


26 February 1966 


1 


Date: 


| 


ar 


o| 2 | o | m | 273 


58 


n 166 


125 
140 
175 


Tal 
154 


303 


150 


ão [o [1 [a 


| 375 


= cre 





TABLE XXVII 


Disturbing Flow (Shrouded) 


Proveller with Bo 


D. 


164 
163 
162 
160 
159 
158 
hom 
152 


292 


Pi fo [a [em 
ela | mio | 2 (as | as 


245 


22 February 1966 


[rr [o |a Lë Le 


mM aaa | o | 365 
295 


m] o | o [3 [as 


Date: 


U 


de m p.m ig. | # | # [maom 
e [ar [ar [a [o fue 


180 
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TABLE XXVIII 


General Propeller Test Data 















Test Facility: M.I.T. Propeller Tunnel 





i 
È 
š 
i 


-——_——_—_—___——mMTRw'I ro e__r' im nn 


1200 
Tunnel Temperature (°F) 

1.1769 | 1.0836 1.4080 

| Vapor Pressure at Tunnel Temp. 9 


Vapor Pressure at Air Temp. 23 20 
Bromobenzene Correction 0.996 0.995 0.997 0.997 


Propeller Diameter (in) "s 8 
Chord @ 0.7R .250 ,250 
Thrust Zero . 080 .223 
Thrust Sensitivity Io 

| Torque Sensitivity 
Ls re fe ep = 


plo L 
A) 
ale 
Co 


NO 
` 
O 










il 


È 
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Operating Point Test - Unshrouded Condition 


Test Facility - M.I.T. Propeller Tunnel 
Test Date - 17 February 1966 
TABLE XXIX 
Zero Point Readings for V,, = 3 ft/sec 

Taw |“ |" — 
AREA] e e 
Beer | tal 

ss | ass | o [o [me 
— 
BEE 
ES 
"s 


NO INT NO 
Po [O INO 
e xi ps 
Ella 


E 
O 

H 
O 
N 


TABLE XXX 


Zero Point Readings for Vy = 4 thru 10 ft/sec 








Operating Point Test - (Unshrouded Condition) 


TABLE XXXI 


V. = 3 ft/sec V, = 2.92 ft/sec 
m | ° | [P-R 
eil ibs | ms | ws 
la fue | |... 
6 law Tes Tas [rim 
oo [35 [8 

375 : 6.4: 8.0 

340 


nu 
i 
Hg 





+ 0.80 
Ca [65 [80 | 


- 1.85 
- 3.60 


TABLE XXXII 












Ve = 3.89 ft/sec 


Ze | m | m | 


v 






VY. = hL ft/sec 









A A a sssi TEN 


16.70 | 14.80 | +1.90 | 





lbs | ihe 
[io | ao | coro 
14.80 


209 2 
| 
Mme | | 
9 
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Operating Point Test - (Unshrouded Condition) 


SA 
E 





o = I V = = “se 


SESCH + 1.3 

ess > + 0.23 
122 = - 1920 
652 a - 3.90 


O 
TABLE XXXIV 





TABLE XXXV 


—— a r TEE TI 


N 
REM 1 
1400 SET 28.33 EN 
126! a “Pas 
1208 
157 en 
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Operating Point Test - (Shrouded Condition) 


Test Facility - M.1.T. Propeller Tunnel 


Test Date - February 24, 1966 


TABLE XXXVI 


Zero Point Readings V. = 3 thru 10 ft/sec 


TABLE XXXVII 


Vo = 2.92 ft/sec 
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Operating Point Test - (Shroudea Condition) 


TABLE XXXVIII 
V. = 4 ft/sec Vo E 3.89 ft/sec 


N VMU 


RPM E 1bs lbs 
800 8.85 
750 8.85 
8.85 
8.85 
600 gas 
550 ‚06h 8.85 


E 


d 
5.65 
4.20 
1.70 | 

- 0.05 

- 2.00 

SE 


m 














Q 
O 
F 
AS 


WEN 
«163 
.110 
.086 


TABLE XXXIX 
V. = 6 ft/sec V. = 5.83 ft/sec 
em ro 
voltmeter 
+ units lbs lbs lbs 


105 1.95 


as 
' 
oY 


i 
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Operating Point Test -(Shrouded Conditior 





TABLE XL 














= 7.78 ft/sec 





P - Po 


T voltmeter 
SS 


u 1300 «178 mo 8.85 
,161 8.85 
sso | as da 8.85 


EE 




















2 e32 
4.05 





N 
J 











«091 8.85 


muso | oo — 


H 
VI 
NO 





52 





TABLE XLI 














y = 10 A Ne 912 m 
RPM | TE Lbs efe 
ago | mo 16.80 

2690 
al 

me lee ] es fado 
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APPENDIX K 


Tabulation of Propeller Horsepower and Propulsive Coefficient 


Propeller horsepower, PHP, is expressed by the equation: 


PHP = .01152 K. P ai pi (59) 
A tabulation of PHP over a range of tunnel velocities based on the 


advance coefficient at the operating point is presented below. 


TABLE XLII 


UNSHROUDED CONDITION 


d Sar, 








J K PHP 
q | 
.460 «0310 . 0263 
«460 «0310 0645 | 
-460 .0310 „2110 
+ 460 -0310 | .5130| 
„460 | .0310 | 1.000 | 
P.C. = °D = Cnr (60) 
P.C. = (.472) (1.060) (.900) 
P.C. = .451 
TABLE XLIII 
SHROUDED CONDITION 
sv T NAS gy | «x | PHP | 
B. | So għ. | 


Wi: | 735 | .675 | .0353 | . 048 
"ewen E a 


10.30 | .675 .0353 | 1130 | 


6 | 15.40 | .675 | .0353 | .3780 | 
8 


| 20.10 | .675 | .0353 | .8390 | 
| 20 | 25.35 | .675 | .0353 | 1.680 | 


| 
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x 
EE ee (60) 


P.C. .487 (.669)(.900) 


D.C. .293 


* e, in the shrouded configuration is the propulsor efficiency and 
includes both the nozzle and propeller. 
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